ABBREVIATIONS USED {#sec1}
==================

EIM

:   extracellular interaction matrix

EPS

:   extracellular polymeric substances

UNPO

:   unicellular non-photosynthesizing organism

INTRODUCTION {#sec2}
============

Most forms of multicellular, multidomain symbiosis recognized today involve large, structurally defining hosts dependent on microbial partners (Moran [@bib126]; McFall-Ngai *et al*. [@bib120]), such as a fruit fly and a *Wolbachia* bacterium (Jaenike *et al*. [@bib90]). Some symbioses, by contrast, possess body plans that are achieved only when two or more essentially microscopic symbionts combine to build a macroscopic, 3D structure. In isolation, these symbionts look nothing like the final product. This is the case with the symbiotic architectures arising from stable interactions between one or more multicellular fungi and one or more unicellular microbes, including photosynthesizing single-celled algae or cyanobacteria. Such architectures are collectively referred to as lichens.

Unlike majority-partner symbionts that provide a backbone or scaffold, the components of lichen symbioses do not undergo cell fate differentiation and subsequent tissue development. Although the dominant fungi in lichens are multicellular, every cell is totipotent (Money [@bib125]). The complex three-dimensionality and structural integrity characteristic of many lichens instead results from the component parts gluing each other into place with extracellular polymers as the assemblage grows. In some lichens, the zone in which this happens is external (Fig. [1A](#fig1){ref-type="fig"} and [B](#fig1){ref-type="fig"}), while in others it is internal to the resulting thallus (Fig. [1C](#fig1){ref-type="fig"} and [D](#fig1){ref-type="fig"}). The zone consists of hyphal cells and hydrophilic, extracellular polymeric substances (EPS). When dry, it constitutes a dense, flexible to brittle matrix of shrunken EPS and compressed hyphal cells. When hydrated, the zone expands to many times its desiccated volume. In many lichens, this zone also contains embedded bacteria and basidiomycete yeasts not visible from the outside. All of the component organisms, not least the dominant lichen fungus, both assimilate from and secrete into this medium. It is this combination of properties---a well-developed EPS matrix and multiorganismal composition---that has led us to begin treating this zone, the structure-defining feature of lichen thalli, as a biofilm (Spribille [@bib170]; Tuovinen *et al*. [@bib186]). In the past, the area defined by this matrix has been called cortex (in cases where it is external to the overall thallus, as mentioned above) or stereome (if internal), or been referred to as 'gelatinous matrix' (Ahmadjian [@bib1]), 'conglutinate zone' (Honegger [@bib82]) or 'hydrophilic mucilages' (Honegger [@bib83]). As the zone mediates all extracellular communication between its inhabitants, and does not just consist of polymeric substances, a term more inclusive than EPS is required. For clarity, we will refer to the zone as defined above, excluding its component cells and cell walls, as the extracellular interaction matrix (EIM).

![External and internal polysaccharide-dense zones in two common lichen symbioses. **(A, B)***Bryoria fremontii* and **(C, D)***Cladonia ochrochlora*, showing scanning electron micrograph of lengthwise section through thallus. Field photos by Jason Hollinger, used with permission.](fnaa023fig1){#fig1}

Only a fraction of all described lichen symbioses have evolved structures that form 3D thalli separate from their substrates, and these are usually called macrolichens. In such lichens, EIMs form first and foremost a kind of exoskeleton, cementing together the filamentous hyphae of the dominant fungus and endowing the structure with rigidity. As strongly hydrophilic media, EIMs play an outsized role in thallus water relations, their properties determining both the point at which surface tension is broken and water is taken up from the environment (Valladares [@bib189]), and how much is retained, and for how long (Esseen *et al*. [@bib58]). In this role, they are often counteracted by other, hydrophobic parts of the lichen thallus in which the dominant fungal partner secretes surface hydrophobins (Scherrer *et al*. [@bib3_729_1583086473367]; Trembley *et al*. [@bib183]), creating complex thallus-internal water regulation (Dyer [@bib54]). In many lichens, the EIM also serves as a surface-maximized receptacle for mineral nutrients, and a deployment zone for secondary metabolites. Finally, if they are anything like EPS matrices in other biofilms, EIMs must serve as the main media by which intercell recognition and signaling take place.

EIMs, with emphasis on their extracellularity, have not been the focus of much study. Instead, their properties have been considered intrinsic to the lichen cortex as a kind of named organ of the lichen as botanical specimen, rather than microbiological interaction. Often, the EIM is dried, ground to powder and analyzed along with the rest of the lichen and results reported as properties of the whole. This makes it difficult, but perhaps not impossible, to infer specific properties from existing analyses.

The purpose of this review is twofold: (i) to assess what is known of the polysaccharide composition and diversity of EIMs on the level of broad-scale fungal-photosymbiont combinations and (ii) to summarize what unicellular non-photosynthesizing organisms (UNPOs) may occur in them and what, if anything, we know about their use and production of polysaccharides. We will focus here on macrolichens.

POLYSACCHARIDES IN CELL WALLS AND THE EXTRACELLULAR MATRIX {#sec3}
==========================================================

Microscopic evidence of exopolysaccharides as lichen glue {#sec3-1}
---------------------------------------------------------

The existence of a differentiated layer of hydrophilic fungal cells that are rigid when dry, but swell and become flexible upon contact with water, was already discussed by Goebel ([@bib67]). Bednar and Juniper ([@bib15]) later observed that fungal cell walls of *Xanthoria parietina* differed from the surrounding, extracellular matrix under a transmission electron microscope (TEM). The extracellular material was microfibrillar in structure, and based on their size and staining properties, the authors suggested these fibrils could be polysaccharides. Jacobs and Ahmadjian ([@bib91]) further visualized microfibrils in the extracellular matrix in several other lichen symbioses. Notably, they observed bacteria in the microfibrillar matrix, and suggested these microorganisms could have a role in the physiology of the symbiosis. After pioneering the use of SEM to study the algal--fungal interface, Peveling ([@bib150]) published a series of images examining what she called 'Kittsubstanz', or cementing substance, filling the space between hyphae. Hale ([@bib74]) went further and distinguished a thin external veneer, often with apparent 'pores' and heterogeneous across the lichen thallus, which he termed the epicortex. Originally reported only from symbioses involving the fungal subclass Lecanoromycetidae (family Parmeliaceae), it has since also been reported from Umbilicariomycetidae (*Lasallia*; Valladares [@bib189]).

The 'filler'-like nature of macrolichen EIMs was beautifully demonstrated in a series of experiments by Greenhalgh and coworkers. After experimenting with a series of laboratory and commercial detergents, Anglesea *et al*. ([@bib6], [@bib4],[@bib5]) and Greenhalgh and Whitfield ([@bib70]) removed this layer and exposed the intricate branching of underlying hyphal cells. Their 'maceration' technique was later emulated in studies of other lichens (Honegger and Haisch [@bib85]). Also, Greenhalgh and Whitfield ([@bib70]) observed the distinct appearances of the hyphal cell walls and the EPS, and estimated that the volume of the matrix was 5--8 times larger compared to the cell walls. According to their observations, the extracellular matrix in the outer parts of the cortex develops first. Anglesea *et al*. ([@bib6]) speculated that the substance could be proteinaceous in nature as it was dissolved by commercial laundry detergent containing proteolytic enzymes.

Modenesi and Vanzo ([@bib124]) expressed skepticism that this layer was made of protein, and performed a series of histological stains (toluidine blue, alcian blue, periodic acid--Schiff) to determine the properties of the EIM. They concluded that it was a strongly acidic (probably sulfated) polysaccharide and speculated it could be hyaluronic acid based on its dissolution by hyaluronidases; subsequently the same authors revised their assessment to the much broader category of polyuronic acids (Giordani *et al*. [@bib66]). Several subsequent studies have employed histological stains to highlight acidic polysaccharides. The most detailed is perhaps Giordani *et al*. ([@bib66]), who studied the relationship of EIM chemistry to the formation of calcium oxalate deposits on lichen surfaces. They observed metachromatic staining, i.e. distinguishable differences in anionic density between cell walls and EIM, in 15 out of 17 species studied. Other examples that have highlighted the sharply different staining behavior of the EIM include Tretiach *et al*. ([@bib184]), Barbosa et al. ([@bib12],[@bib11]) and Zanetti *et al*. ([@bib195]), and an example is provided in Fig. [2](#fig2){ref-type="fig"}.

![**(A)** Metachromatic staining in a sample of the lichen *Letharia vulpina*, using Richardson\'s stain. Sample fixed in resin and sectioned with diamond blade on microtome. Even use of new blades results in tearing of the pink-stained EIM, likely because of differential hardness of the EIM and the fungal cell walls embedded within it. **(B)** Schematic representation of a section through the EIM and into the hydrophobic interior of a lichen, showing typical location of bacteria (bac), basidiomycete yeasts (y) and the filamentous fungus (ff).](fnaa023fig2){#fig2}

Dominant polysaccharides in ground, powdered whole lichens {#sec3-2}
----------------------------------------------------------

To test whether the presence of a zone of acidic sugars is corroborated by studies of lichen polysaccharides, we reviewed \>60 papers published between 1900 and the present. Only a small subset of all lichen symbioses have been studied for their polysaccharide composition; most derive from the visible and dominant macrolichen symbioses, especially those formed by members of the class Lecanoromycetes, subclass Lecanoromycetidae (Parmeliaceae, Cladoniaceae, Teloschistaceae), the dominant group of extant lichen-forming fungi. The large majority of studies report only neutral polysaccharides with varying ratios of Glc, Gal and Man (typical monosaccharide constituents of lichen polysaccharides and a depiction of the major analytical techniques by which their relative abundances may be deduced are shown in Fig. [3](#fig3){ref-type="fig"}). The main structures that have been found are β- and α-glucans and α-mannans. β-glucans are represented by β-(1 →3), (1 →4)-glucans (lichenan) and β-(1→3)-glucans (laminarin), while α-glucans are represented by α-(1 →3), (1 →4)-glucan (isolichenan), and α-(1 →3), (1 →4)-glucan (nigeran), considered a subgroup of isolichenans differing in their linkage ratios (Olafsdottir and Ingólfsdottir [@bib134]). Overall, these glucans are similar in their structure to core cell wall polysaccharides in other fungi (Gow *et al*.[@bib4_421_1583177880293]). An additional, mixed linkage α-(1→4), (1→6)-glucan has been found in *Teloschistes* (Reis *et  al*. [@bib154]). Branched β-(1 →3), (1 →6)-glucans, originally thought to be typical of Basidiomycetes (in lichens in *Dictyonemaglabratum*: Iacomini *et al*.[@bib88], as *Cora pavonia*), have also been reported from Lecanoromycetidae (*Collema*: Prado et al. [@bib151]; *Teloschistes*: Reis *et al*.[@bib154]; *Thamnolia*: Olafsdottir *et al*. [@bib1_90_1582935186670]), as well as from the cultured *Physcia* fungus (Cordeiro *et al*. [@bib40]). Outside of the Lecanoromycetidae, studies have focused on Umbilicariomycetidae, in which the dominant glucan is a β-(1→6)-glucan called pustulan (Kjølberg and Kvernheim [@bib103]; Pereyra *et al*. [@bib148]; also present in Lecanoromycetidae, *Cladonia*: Iacomini *et al*. [@bib87]). As expected, different cell wall components have been found in the few basidiomycete-based lichen symbioses that have been studied. In *Dictyonema glabratum*, a linear α-(1→3)-glucan (pseudonigeran) occurs (Carbonero *et al*. [@bib22]). A comprehensive review of these and other polysaccharides is provided by Olafsdottir and Ingólfsdottir ([@bib134]) and Stocker-Wörgötter *et al*. ([@bib172]).

![Common monosaccharide building blocks of lichen polysaccharides. **(A)** Although hundreds of different monosaccharides have been found in nature, only a fraction of them have been identified in lichen polysaccharides. These monosaccharides may be classified as neutral hexoses or pentoses (six and five carbon sugars, respectively), deoxyhexoses \[in which the carbon 6 (C6) hydroxy group is removed\], hexosamines or aminosugars (bearing an acetylated amino group at C2) and uronic acids (in which C6 bears a carboxylate moiety). Note that for simplicity, throughout the text the absolute configurations (D or L) are omitted from the full monosaccharide name or abbreviation; likewise, a pyranose (i.e. six-membered) ring configuration is assumed for all monosaccharides with the exception of galactofuranose (Gal*f*). Refer to Varki et al. ([@bib190], [@bib191]) for common monosaccharide and polysaccharide conventions. **(B)** The monosaccharide constituents of lichen polysaccharides, and details concerning the regiochemisty of how they are glycosidically linked, may be deduced using GC-MS-based linkage (or methylation) analysis, shown here for a hypothetical β-glucan fragment. In brief, unsubstituted hydroxy groups are methylated (i) prior to complete polysaccharide hydrolysis under strongly acidic conditions (ii). Subsequent reduction using sodium borodeuteride (iii) tags the reducing end of each monosaccharide and acetylation with acetic anhydride (iv) caps hydroxyl groups that had been protected from methylation by virtue of the fact that they were glycosidically linked. The partially methylated alditol acetates (PMAAs) so created are resolvable by GC and may be identified, using appropriate standards, based on their predictable fragmentation by MS. Note that this technique is unable to assign anomeric (i.e. α or β) configurations. **(C)** Many lichen-derived monosaccharides bear biochemically modified hydroxy groups, represented here for a fictitious glucuronic acid. Most of these modifications (i, ii and iv) are acid labile and undetected by linkage analysis, unless substantially modified protocols are used.](fnaa023fig3){#fig3}

The two most abundant monosaccharides consistently reported from lichen thalli, in addition to Glc, are Gal and Man, and these are usually reconstructed as components of heteromannans. In the Lecanoromycetes, these are usually built around an α-(1→6)-mannan main chain (Cladoniaceae: Iacomini *et al*. [@bib87]; Woranovicz *et al*.[@bib5_469_1583179633545]; Ramalinaceae: Cordeiro *et al*. [@bib46]; Parmeliaceae: Carbonero *et al*. [@bib20]; Teixeira *et al*. [@bib182]; Physciaceae: Pereira *et al*. [@bib147]; Cordeiro *et al*. [@bib40]). A common expression of this includes galactoglucomannans with variable ratios of Man, Glc and Gal units (*Cladonia*: Woranovicz *et al*.[@bib7_916_1583180514983]; Carbonero *et al*. [@bib21]; *Pseudocyphellaria*: Cordeiro *et al*. [@bib42]). Other heteroglycans involving Man, Glc and Gal with which these sometimes occur are galactomannoglucans, in which Gal*f* and Man side chains are arranged at *O*-2,6 on β-(1→3)-glucan main chains (*Cladonia*: Woranovicz-Barreira *et al*.[@bib6_335_1583180123151]; Carbonero *et al*. [@bib21]). An α,β-(1→2), (1→6) galactomannan including Man*f* structural units has been reported from *Evernia* (Mićović *et al*. [@bib122]). In an arthoniomycete--Trentepohliales lichen symbiosis, a fungal-derived α-(1→4)-mannan main chain has been reported (*Roccella*: Carbonero *et al*. [@bib19]). In the basidiomycete--cyanobacterial lichen symbiosis *Dictyonema*, both an α-(1→3)-xylomannan (Iacomini *et al*.[@bib88]) and a β-(1→6)-mannan (Carbonero *et al*. [@bib22]) have been reported. The side chain insertion and linkage patterns of heteromannans are diverse and distinctive at the level of species and genera (Gorin and Iacomini [@bib69]; Cordeiro *et al*. [@bib2_153_1582975888379]) or above (Leal *et al*. [@bib107]). Prior to molecular phylogenetics, polysaccharide linkages were even cited as a potential aid in taxonomy (reviewed by Teixeira *et al*. [@bib180]). Indeed, the presence of unique α-Gal*f* residues on α-(1→6)-mannans in *Lichina* was taken as support for the recognition of a taxonomic class, Lichinomycetes (Prieto *et al*.[@bib8_399_1583182969895]).

Fungal polysaccharides rare or missing from ground, powdered, whole lichens {#sec3-3}
---------------------------------------------------------------------------

Perhaps the most notable absence from whole lichen polysaccharide studies is chitin. Though expected by textbook definition to occur in nearly all fungi, chitin requires targeted sampling of amino sugars for detection and quantification. In one pulse-chase experiment where it was visualized using tritiated hydrogen labeling of a GlcNAc precursor, it was found to be an abundant cell wall component (Galun *et al*. [@bib61]). Most other reports have likewise been from targeted studies (Solberg [@bib169]; Schlarmann *et al*. [@bib162]; Dahlman *et al.*[@bib48]; Meichik and Vorob\'ev [@bib121]). To our knowledge, it has been detected as part of a broader survey of polysaccharides only twice (Honegger and Bartnicki-Garcia [@bib84]; Pereyra *et al*. [@bib148]).

Joining amino sugars on the roster of rare or infrequently reported monosaccharides is an array of neutral sugars found in low frequency. Xyl has been detected in the basidiomycete--cyanobacterial symbiosis *Dictyonema* (Iacomini *et al*.[@bib88]; Elifio *et al*. [@bib55]; Carbonero *et al*. [@bib22]); in lecanoromycete-Trebouxiales symbioses (Kjølberg and Kvernheim [@bib104]: *Umbilicaria*; Olafsdottir *et  al*. [@bib135]: as terminal Xyl in thamnolan, a rhamnogalactofuranan of *Thamnolia vermicularis*); and finally in lecanoromycete-cyanobacterial symbioses (Prado *et al*. [@bib151]: *Sticta*; Omarsdottir *et al*. [@bib136]: *Peltigera*). Other monomers reported only rarely, and in low quantity, are Ara (Kjølberg and Kvernheim [@bib104]; Corradi da Silva *et al*. [@bib47]; Prado *et al*. [@bib151]; Cordeiro *et al*.[@bib42]; Omarsdottir *et al*. [@bib136], [@bib137]), Rha (Kjølberg and Kvernheim [@bib104]; Olafsdottir *et al*. [@bib135]; Prado *et al*. [@bib151]; Omarsdottir *et al*. [@bib136], [@bib137]; Wang *et al*. [@bib193]) and Fuc (Kjølberg and Kvernheim [@bib104]; Omarsdottir *et al*. [@bib136]). Some of the infrequently detected monosaccharides may be associated with glycolipids and glycoproteins. Glycolipids have rarely been studied (*Ramalina*: Machado *et al*. [@bib118]; *Dictyonema*: Sassaki *et al*. [@bib161], [@bib160]; older references reviewed by Dembitsky [@bib52]) and glycoproteins a few times (*Lobaria orientalis*: Takahashi *et al*. [@bib176]; *Sticta*: Corradi da Silva *et al*. [@bib47]; *Dictyonema*: Elifio *et al*. [@bib55]). Both classes of glycoconjugates are probably ubiquitous in lichen symbioses, but may be overlooked unless they are specifically the targets of sampling.

Acidic sugars are excellent candidates for forming the layers stained by Modenesi and Vanzo ([@bib124]) and others (as described above), but have been spottily reported in polysaccharide analyses. Uronic acids were already mentioned as a component of lichen samples by Buston and Chambers ([@bib17]). All of the uronic acid that has been identified to date has been GlcA (an early report of GalA from *Evernia* by Mićović *et al*. [@bib122] was shown to be GlcA by Teixeira *et al*. [@bib182]). Uronic acids have been tentatively identified from lecanoromycete--Trebouxiales symbioses, especially involving the fungal family Parmeliaceae (*Evernia*, *Parmotrema*, *Usnea*: Teixeira et al. [@bib181], [@bib182], [@bib180]; *Cetraria*: Hranisavljević-Jakovljević *et al*. [@bib86]), as well as in lecanoromycete--cyanobacterial symbioses (Prado *et al*. [@bib151]; Jensen *et al*. [@bib92]). To the extent this has been analyzed, GlcA has been reported as a residue of α-mannans, with the exception of Hranisavljević-Jakovljević *et al*. ([@bib86]), who reported it from a β-(1→3)-glucan. Tuominen ([@bib185]) used carbazole in an ecophysiological study to quantify uronic acids in 12 lichen species, mostly in Parmeliaceae-based symbioses. He found uronic acids in all lichen symbioses studied, including the *Cladonia--Asterochloris* symbiosis in which they have never been found in neutral polysaccharide analyses.

An indication of the extent to which acidic sugars may evade detection in studies of neutral polysaccharides comes from the genus *Umbilicaria*. The latter (including *Lasallia*) has been extensively studied for its content of pustulan, a neutral homopolysaccharide, without reports of uronic acids (Nishikawa *et al*. [@bib130]; Kjølberg and Kvernheim [@bib103]; Carbonero *et al*. [@bib23]). However, Kjølberg and Kvernheim ([@bib104]) detected uronic acids as well as sulfates in two *Umbilicaria* species they had studied earlier, by incorporating Me~2~SO-based extraction coupled with ion exchange chromatography. Similarly, Wang *et al*. ([@bib192]) detected uronic acids in *Umbilicaria esculenta* using the m-hydroxydiphenyl method.

Acidic sugars are so seldom detected that when they are found in quantity, they are assumed to be of non-fungal origin. Jensen *et al*. ([@bib92]) described a complex heteropolysaccharide called colleman from the lecanoromycete--cyanobacterial symbiosis *Collema flaccidum*, with 2-*O*-methylated β-Man linked 1→4 with α-Ara, α-Gal, β-GlcA and β-Xyl in four different configurations (Jensen *et al*. [@bib92]). Though they concede that 2-*O*-methylated β-Man and α-Ara residues are also not known from cyanobacteria, the elevated presence of Xyl and GlcA, which they hold to be rare in lichens, led the authors to conclude that the glycan must be cyanobacterial in origin. They acknowledge that, as is widely the case in capsular and released polysaccharides in cyanobacteria, analytical methods may lead to underdetection of methyl- and amino sugars (de Philippis *et al*. [@bib51]). Similarly, the occurrence of β-(1→4)-xylans in *Sticta* (Corradi da Silva *et al*. [@bib47]) and *Dictyonema* (Carbonero *et al*. [@bib22]) has been ascribed to the presence of cyanobacteria in those symbioses. That being said, Xyl has also been detected in symbioses that lack cyanobacteria (see above).

Missing photosymbiont polysaccharides {#sec3-4}
-------------------------------------

Targeted structural studies of the polysaccharides from isolated photosymbionts have revealed polysaccharides not detected in whole lichen material (reviewed by Stocker-Wörgötter *et al*. [@bib172]). *Trebouxia*, one of the most common eukaryote photosymbionts, yielded amylose and a β-xylan not found in whole lichen samples (*Ramalina*: Cordeiro *et al*. [@bib46]); in the same algal genus, the same workers later isolated a β-(1→5)-galactofuranan that likewise could not be found in the lichen (Cordeiro *et al*. [@bib39], [@bib41]). Also in *Trebouxia* and in association with the same genus of fungi (*Ramalina*), Casano *et al*. ([@bib29]) isolated a β-galactofuranan from cell walls and separately examined EPS attributes, recording up to 10.9% uronic acids in the EPS. A xylorhamnogalactofuranan with a β-(1→3)-Gal*f* main chain and non-reducing Xyl residues was isolated from *Asterochloris* cell walls by Cordeiro *et al*. ([@bib45]) but again not from the lichen *Cladonia* from which it derived. Similarly, *Myrmecia* algae isolated from the lichen *Lobaria* produced a rhamnogalactofuranan with a β-(1→3)-Gal*f* main chain, which has not been detected in the whole *Lobaria* lichen (Cordeiro *et al*. [@bib44]). *Coccomyxa* yielded a β-(1→6)-mannogalactan with partially *O*-methylated α-Man residues that could not be detected in the whole lichen (*Peltigera*: Cordeiro *et al*. [@bib43]). The same algal genus in association with the lichen *Solorina* has been shown to contain cellulose and a 4-linked mannan (Centeno *et al*. [@bib32]). The authors note that a similar mannan had been previously detected in *Roccella* (Carbonero *et al*.[@bib19]), but this arthoniomycete-derived lichen contains a different photobiont, *Trentepohlia*, which is not closely related to *Coccomyxa*. In cyanobacterial EPS, Ruthes *et al*. ([@bib158]) found a linear β-(1→4)-xylan and a complex polysaccharide formed of β-linked Ara and Xyl units, neither of which had been detected in whole lichen samples. The failure to detect β-(1→4)-xylans and other compounds has been explained as possibly being due to low relative abundance or insufficiently strong alkaline extraction conditions in whole lichen analyses (Cordeiro *et al*. [@bib46]), or genuine absence when the alga is in symbiosis (Cordeiro *et al*. [@bib43]).

Fewer polysaccharides have been reported from the cell walls of lichen-associated *Trebouxia* species than in the better-studied *Chlorella* algae, which also belong to Trebouxiophyceae (order Chlorellales). Polysaccharides of *Chlorella* cell walls can be divided into two fractions (Takeda and Hirokawa [@bib178]). The first, rigid wall polysaccharides, are not alkali soluble; in different strains, they consist of either glucosamine or Glc and Man (Takeda [@bib179]). Kapaun and Reisser ([@bib98]) suggested that the glucosamine polymer found in *Chlorella* cell wall might have a chitin-like structure. Since these polymers are also not soluble in 2 M trifluoroacetic acid (TFA), they need strong acid treatment in order to be hydrolyzed (stepwise hydrolysis with 72--74% H~2~SO~4~ following 6 M HCl is described by Takeda [@bib179]). The second class of cell wall polysaccharides, dubbed 'matrix', is soluble in alkali and TFA. Matrix composition is variable; in different strains it includes Man, Gal, Rha, Fuc, Ara, Glc and Xyl (Takeda and Hirokawa [@bib178]; Takeda [@bib179]; Kapaun *et al*. [@bib97]). The concentration of uronic acid in cell walls is high and amounts to 10--25% of cell wall dry weight (Kapaun *et al*. [@bib97]; Cheng *et al*. [@bib38]). Treatments of *Chlorella* cell walls with cellulases produced little change in the cells, leading to speculation that they contain little or no cellulose (Gerken *et al*. [@bib65]), though it has been reported in other studies (Rodrigues and da Silva Bon [@bib156]).

Localizing known polysaccharides {#sec3-5}
--------------------------------

Which polysaccharides, then, are most likely to account for those that fill extracellular space in the EIM? The localization of most polysaccharides in lichens has not been well established (Olafsdottir and Ingólfsdottir [@bib134]), but some studies have been undertaken. Galun *et al*. ([@bib61]) used fluorescein-conjugated lectin staining and isotope-labeled pulse-chase experiments for chitin, α-linked polysaccharides, Fuc and Man. The visualizations of Galun *et al*. ([@bib61]), performed on axenically cultured fungal symbionts, confirmed the presence of chitin and α-linked polysaccharides in the inner fungal cell wall, consistent with their localization in non-lichen-forming fungi. Honegger and Haisch ([@bib85]) used an antibody to localize β-(1 →3), (1 →4)-glucan in two lichens and succeeded only in *Cetraria islandica*. Most of the β-(1 →3), (1 →4)-glucan they detected was in the outer cell wall. The claim of Honegger and Haisch ([@bib85]) that β-(1 →3), (1 →4)-glucan accounts for the extracellular matrix is however not supported by their images, in which the molecule appears to be localized in hyphal cell walls both inside and outside of the EIM, but the EIM itself is stained at most in thin arcs (see Fig. 3B in Honegger and Haisch [@bib85] ), reminiscent of deposited cell wall material. This would be consistent with TEM observations of cell wall shedding in another lichen, *Ramalina menziesii* (Sanders and Ascaso [@bib159]) but does not explain the bulk composition of the EIM.

Are some polysaccharides systematically missed in whole lichen analysis? {#sec3-6}
------------------------------------------------------------------------

Does the low detection rate of chitin, known algal polysaccharides and acidic sugars really reflect the absence of these substances in lichen symbioses? Two different factors may have led to the underreporting of polymeric substances in the past. First, polysaccharide inventories have emphasized abundant elements, which tend to be α- and β-glucans and α-mannans. The near-absence of algal products, despite the abundance of algae in powdered whole lichen samples, raises questions of methodology and biology: were they not detected because they are not synthesized *in statu symbiotico*? Or are they hidden among low-abundance heterogeneous fractions that have been set aside for further analysis (e.g. uronic acid-containing fractions in Prado *et al*. [@bib151])? Selective harvesting of algae from within lichens, such as through cell sorting, might help to address this question. Similarly, selective characterization of certain lichen parts, e.g. the extracellular matrix, without grinding and powdering the whole lichen, may yield different results than bulk analysis. Second, we suspect that the types of analytical protocols used may lead to underdetection of acidic sugars. For example, glycosidic linkages adjacent to uronic acids (e.g. GlcA or GalA) are difficult to hydrolyze under acidic conditions, and hence these monosaccharides are not detected as alditol acetates (i.e. by linkage analysis) unless their carboxyl groups are pre-reduced (Pettolino *et al*. [@bib149]). The few studies in lichens that have detected uronic acids have incorporated additional, parallel analyses, such as treatment of polysaccharide fractions with Cetavlon, use of paper or ion exchange chromatography, or use of carbazole staining. Meanwhile, the sulfate moieties within polysaccharides may be erroneously interpreted as a monosaccharide substituents unless permethylated samples are first de-*O*-sulfonated under conditions that do not cleave glycosidic linkages, and then subjected to a second round of permethylation, typically with isotopically labeled methyl iodide (Jiao *et al*. [@bib94]). Polysaccharide extraction conditions/solvents may also have a significant impact on subsequent monosaccharide profiles (Sun *et al*. [@bib173]). Finally, the choice of acid used to hydrolyze polysaccharides may bias analytical results, for example, cellulose and chitin may be recalcitrant to hydrolysis when TFA-catalyzed procedures are used (Pettolino *et al*. [@bib149]).

The identification of the polysaccharide EIM will ultimately be possible through targeted sampling of this layer in combination with visualization techniques such as those that employ fluorophore-conjugated lectins and antibodies. We can imagine several scenarios that would reconcile the disparate data points we have:

i.  Among the polysaccharides that have been described to date, heteromannans constitute a good candidate for providing ascomycete-derived capsule material. Whether these account for some of the acidic polysaccharides detected in histological studies cannot be determined with certainty, as they have not been visualized and attributes used to determine whether they would stain have not been consistently characterized in polysaccharide studies.

ii. Specific undescribed glycoproteins and glycolipids dominate this layer. This theory would seem to be favored by the highly efficient and selective removal (e.g. by Anglesea *et al*. [@bib6]) of the EIM by Ariel laundry detergent (Proctor & Gamble, Cincinnati, OH, USA), the full composition of which is proprietary, but which contains at least proteases, lipases and α-amylases (<https://www.pg.com/productsafety/>). Glycoconjugates are major components of biofilms (Zippel and Neu [@bib196]) and can be difficult to detect using lectin probes if sulfated. This explanation is not necessarily mutually exclusive of (i).

iii. Additional compounds are involved but have been missed due to analytical methods missing acidic or modified sugars.

ORGANISMAL INPUT AND UPTAKE FROM EIMs {#sec4}
=====================================

The EIMs of most lichen symbioses are dominated, in terms of cellular mass, by hyphal tips or protrusions from the dominant fungal symbiont (Fig. [2](#fig2){ref-type="fig"}). The interdigitation of fungal hyphae in EIMs has been demonstrated through the selective removal of the EIM (Anglesea *et al*. [@bib6], [@bib4],[@bib5]; Greenhalgh and Whitfield [@bib70]). Fungi are a likely candidate for contributing the bulk of secreted polysaccharides, and much of this review has focused on that contribution. Green algal symbionts, by contrast, tend to be located out of direct contact with EIMs, in the hydrophobin-lined internal chambers of lichen thalli. Exceptions to this include cyanobacterial symbionts, which are typically embedded in EIM matrices of their own. Recently, UNPOs such as bacteria and yeasts have been detected in lichen symbioses, and most of those that have been visualized have been found embedded within EIMs. The potential polysaccharide input and uptake from this UNPO component has not been reviewed to date.

Bacteria {#sec4-1}
--------

Speculation over the possible role of symbionts other than the fungus and alga in forming lichens goes back nearly one hundred years. As early as 1926, the Italian microbiologist Maria Cengia Sambo cultured bacteria from lichen thalli, assigning them to the diazotroph genus *Azotobacter* (Cengia Sambo [@bib31]). Cengia Sambo postulated that *Azotobacter* formed an essential third symbiont that fixed nitrogen in a three-way interdependence with the fungus and alga. Henkel and Yuzhakova ([@bib79]) and Iskina ([@bib89]) independently reported *Azotobacter* in a wide range of lichen symbioses, which led them too to assert the tripartite nature of lichen symbiosis. Other Soviet scientists endeavored to replicate these results, with mixed success (Lenova and Blum [@bib113]). Krasil\'nikov ([@bib106]), while not being able to isolate *Azotobacter* from lichens, found a large variety of so-called 'oligonitrophilic' bacteria isolated on a nitrogen-free medium. He assigned most of them to the genera *Pseudomonas* and *Bacterium*. Later, Panosyan and Nikogosyan ([@bib143]) suggested that these potentially diazotrophic bacteria might play an essential role in lichen symbiosis. Krasil\'nikov ([@bib106]) estimated that between 5 and 50 million bacterial cells are present in one gram of lichen material, with the vast majority inside a thallus and not on its surface.

More recently, a combination of culturing and molecular techniques, culminating in amplicon sequencing studies, has confirmed highly structured and diverse bacterial communities associated with specific macrolichen symbioses (Aschenbrenner *et al*. [@bib8]; Biosca *et al*. [@bib16]; Suzuki *et al*. [@bib174]; Pankratov *et al*. [@bib141]). Those most intensely studied for their bacteria are lecanoromycete--Trebouxiales pairings in which the dominant lecanoromycete is *Cladonia, Umbilicaria* or members of Parmeliaceae, and lecanoromycete-dominated symbioses that include cyanobacteria, especially *Lobaria pulmonaria*. Some trends in bacterial composition are emerging. Alpha-proteobacteria are abundant in nearly all lichens studied to date (Table [1](#tbl1){ref-type="table"}). A mostly lichen-specific clade of Rhizobiales, LAR1, has been described based on molecular data (Hodkinson and Lutzoni [@bib80]). Some members of this clade were subsequently cultured (Jiang *et al*. [@bib93]) and two strains were recently formally named (*Lichenihabitans*: Noh *et al*. [@bib131]; *Lichenibacter*: Pankratov *et al*.[@bib142]). The existence of a lichen-specific clade of Acetobacteraceae has also been suggested (Cardinale *et al*. [@bib24]). Hodkinson *et al*. ([@bib81]), using amplicon sequencing, showed that patterns of bacterial diversity and abundance were different between lecanoromycete--Trebouxiales symbioses and symbioses involving cyanobacteria. These trends may reflect nitrogen availability associated with the presence of masses of nitrogen-fixing cyanobacteria, although alternatively the structuring may be related to thallus pH. Gauslaa and Holien ([@bib64]) found that parmelioid lichens (corresponding to the symbioses that contain uronic acids, mentioned earlier) have a lower thallus pH than the surrounding bark, with values between 3.5 and 4.1 (bark pH 3.9 to 4.2, in each individual measurement higher than the lichen). Lichens with cyanobacteria, by contrast, had a pH between 4.4 and 4.8, higher than the bark on which they occur (pH 4.1 to 4.4). Whether or not the bacteria occur here because they prefer these habitats or whether they help build them (or both) is unknown.

###### 

Overview of modern reports of Eubacteria from macrolichen symbioses to the level of order. For quantitative studies, only reports in which a bacterial group is represented by \>5% of amplicons or reads are included. Quantitative studies are denoted by \*.
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**Quantitative studies \[1--25\]: 1:** Cardinale *et al*. [@bib24]**; 2:** Grube *et al*. [@bib71]; 3: Bates *et al*. [@bib13]**; 4:** Mushegian *et al*. [@bib127]**; 5:** Schneider *et al*. [@bib163]**; 6:** Cardinale *et al*. [@bib26]**; 7:** Cardinale *et al*. [@bib28]**; 8:** Grube *et al*. [@bib73]**; 9:** Hodkinson *et al*. [@bib81]**; 10:** Pankratov [@bib139]**; 11:** Printzen *et al*. [@bib153]**; 12:** Aschenbrenner *et al*. [@bib9]**; 13:** Cernava *et al*. [@bib37]**; 14:** Erlacher *et al*. [@bib56]**; 15:** Grube *et al*. [@bib72]**; 16:** Sigurbjörnsdóttir *et al*. [@bib166]**; 17:** Garg *et al*. [@bib62]**; 18:** Park *et al*. [@bib144]**; 19:** Aschenbrenner *et al*. [@bib10]**; 20:** Cernava *et al*. [@bib36]**; 21:** Eymann *et al*. [@bib59]**; 22:** Pankratov [@bib140]**; 23:** Cernava *et al*. [@bib35]**; 24:** Tzovaras *et al*. [@bib187]**; 25:** Sierra *et al*. [@bib165]; **Qualitative studies (culture or PCR) \[26--54\]: 26:** Cardinale *et al*. [@bib27]**; 27:** Liba *et al*. [@bib114]**; 28:** Hodkinson and Lutzoni [@bib80]**; 29:** Pankratov and Dedysh [@bib138]**: 30:** Selbmann *et al*. [@bib164]**; 31:** Cardinale *et al*. [@bib25]**; 32:** Kim *et al*. [@bib101]**; 33:** Lee *et al*. [@bib110]**; 34:** Lee *et al*. [@bib109]**; 35:** Kim *et al*. [@bib102]**; 36:** Lee *et al*. [@bib108]**; 37:** Lee *et al*. [@bib111]**; 38:** Cernava *et al*. [@bib34]**; 39:** Parrot *et al*. [@bib145]**; 40:** Ahn *et al*. [@bib2]**; 41:** Han *et al*. [@bib75]**; 42:** Han *et al*. [@bib76]**; 43:** Han *et al*. [@bib77]**; 44:** Kang *et al*. [@bib96]**; 45:** Oh *et al*. [@bib132]**; 46:** Oh *et al*. [@bib133]**; 47:** Parrot *et al*. [@bib146]**; 48:** Sigurbjörnsdóttir and Vilhelmsson [@bib167]**; 49:** Jiang *et al*. [@bib93]**; 50:** Kim *et al*. [@bib100]**; 51:** Liu *et al*. [@bib117]**; 52:** Yang *et al*. [@bib194]**; 53:** Almendras *et al*. [@bib3]**; 54:** Kim *et al*. [@bib99]

The location and abundance of bacteria within lichen thalli has been visualized by fluorescent *in situ* hybridization combined with confocal laser scanning microscopy since Cardinale *et al*. ([@bib24]) applied the method in the reindeer lichen *Cladonia arbuscula*. Although bacteria have been localized as free-living cells adhering to fungal hyphae outside of biofilms (Cardinale *et al*. [@bib24]), the greatest numbers of bacteria appear embedded in EIMs (Cardinale *et al*. [@bib24], [@bib26]; Grube *et al*. [@bib71], [@bib72]; Aschenbrenner *et al*. [@bib9]; Erlacher *et al*. [@bib56]). Estimates of the numbers of bacteria, e.g. in *Cladonia*, averaged 6.27 ± 4.37 × 10^7^ g^--1^, with single estimates of 2.1 ± 0.38 × 10^8^ bacteria g^--1^ (Cardinale *et al*. [@bib24]), similar to or greater than the estimates of Krasil\'nikov ([@bib106]).

The only lichen-associated bacteria for which carbohydrate use and production characteristics are available based on direct experimental evidence are *Granulicella* (Acidobacteria; Pankratov and Dedysh [@bib138]) and *Lichenibacter* (Pankratov *et al*.[@bib142]). Pankratov and Dedysh ([@bib138]) described five cultured species of *Granulicella*, including one (*G. paludicola*) from *Cladonia* lichens, that grew optimally at pH 3.8--4.5, hydrolyzed pectin and xylan as well as, notably, laminarin and lichenan, and produced an amorphous EPS matrix, putatively composed of polysaccharides. However, the exact nature of *Granulicella*-derived EPS matrix is unknown and it has yet to be demonstrated in whole lichens. In *Lichenibacter*, bacterial cells were only found to utilize starch and xylan (Pankratov *et al*. [@bib142]).

Less is known of the carbohydrate use and EPS production of other lichen-associated bacteria. However, the EPS-producing capacity of some can be inferred by the presence of genes for nitrogen fixation; the ability to fix atmospheric N is dependent on creating at least a partially anaerobic biofilm environment, which is made possible by EPS components such as polysaccharides. The *nifH* gene, which is involved in N fixation, is known from several lichen-associated alpha-proteobacteria (Grube *et al*. [@bib71]; Almendras *et al*. [@bib3]), gamma-proteobacteria (Liba *et al*. [@bib114]), Firmicutes (Grube *et al*. [@bib71]; Almendras *et al*. [@bib3]) and Actinobacteria (Almendras *et al*. [@bib3]). Prominent among the first group are Rhizobiales, with the lichen-associated LAR1 clade thought to carry the *nifH* gene (Hodkinson and Lutzoni [@bib80]). While LAR1 culture attributes have not been characterized in detail, other symbiotic Rhizobiales deploy several exopolysaccharides in initiation of root nodule symbiosis (Fraysse *et al*. [@bib60]). The best-known Rhizobiales exopolysaccharides are succinoglycan and a pyruvulated α-(1→3)-galactoglucan; the latter can also occur with the substitution of GlcA for single glucose monomers (Skorupska *et al*. [@bib168]). Root nodules mature as organs once Rhizobiales EPS is sensed by the plant, the infection thread formed and colonization for symbiotic nitrogen fixation has started. Root nodulation and nitrogen fixation are under quorum sensing control, a cell--cell density sensing mechanism that enables bacteria such as rhizobia to coordinate gene expression through the exchange of signals in biofilm matrix (Rosemeyer *et al*. [@bib157]; Daniels *et al*. [@bib49]). This is important because the biofilm lifestyle for bacteria is encased in polysaccharide, creating their 3D architecture and the medium for communication.

EPS production in bacteria is commonly inversely regulated with motility and colonization as the EPS embeds the cell to a surface. As the cells continue to grow, microniches form within the biofilm due to localized heterogeneity in metabolites (Battin *et al*. [@bib14]; Limoli, Jones and Wozniak [@bib115]). Importantly, this allows oxygen gradients to be established so that aerobic (e.g. respiration) and anaerobic (e.g. nitrogen fixation) processes can occur within the same community. This type of cellular differentiation is distinct from nitrogen-fixing cyanobacteria, where cell differentiation of heterocyst allows nitrogen fixation to occur adjacent to photosynthesizing cells generating oxygen (Risser and Callahan [@bib155]). Besides the role EPS plays in creating anaerobic niches, it has recently been found to play a role in the differentiation of nitrogen-fixing bacteroid cells in rhizobia (Hawkins *et al*. [@bib78]) and protection against low pH and metals (Kopycinska *et al*. [@bib105]).

Basidiomycetous yeasts {#sec4-2}
----------------------

Although Lenova and Blum ([@bib113]) already reviewed the presence of yeasts in lichens, the widespread occurrence of basidiomycetous yeasts in certain groups of macrolichens has only recently been recognized. Spribille *et al*. ([@bib171]) documented high constancy of unculturable Cyphobasidiales yeasts embedded in the EIM of parmelioid lichens in particular. They also detected these yeasts in isolated samples of other lecanoromycete-based symbioses. Since then, Černajova and Škaloud ([@bib33]) have detected culturable strains of a separate lineage of Cystobasidiomycetes, which they named *Lichenozyma*, from *Cladonia* symbioses, and Tuovinen *et al*. ([@bib186]) detected high global constancy of *Tremella* yeasts in the lecanoromycete--trebouxia symbiosis *Letharia vulpina*. It is possible that *Tremella* yeasts broadly correspond to earlier reports of *Cryptococcus* (Lenova and Blum [@bib113]), as this genus is nested within *Tremella* in recent phylogenetic analyses (Liu *et al*. [@bib116]).

While little is known of the carbohydrate use and production by Cystobasidiomycetes aside from the composition of their cell walls (Takashima *et al*. [@bib177]), much is known about members of the *Tremella* clade. This is largely owing to the existence of a well-studied deadly pathogen (*Cryptococcus neoformans*) and one species of economic interest (*Tremella fuciformis*) in this clade of Tremellales. Both produce copious exopolysaccharide capsule material in the form of glucuronoxylomannans (GXMs; Gorin and Barreto-Bergter [@bib68]; De Baets and Vandamme [@bib50]; Martinez and Casadevall [@bib119]). In cases where fungi are dimorphic, such as *T. fuciformis*, GXMs have been shown to be produced by both the teleomorph and the anamorph (Kakuta *et al*. [@bib95]). Recent studies of *C. neoformans* have further revealed the deposition of GXMs far from the actual fungal cells, so-called exo-GXM (Denham *et al*. [@bib53]). No GXM or monosaccharide profile consistent with GXM has yet been reported from lichens, but given the frequent ensconcement of *Tremella* yeasts in lichens, we consider it likely that GXM will occur. Suggestively, the symbioses from which uronic acids have been detected (Tuominen [@bib185]; Teixeira *et al*. [@bib180]) include those that harbor both tremelloid and cystobasidiomycete yeasts.

WHERE TO FROM HERE? {#sec5}
===================

Polysaccharide studies from whole lichen thalli have provided troves of information on structural cell wall components for the symbiont that provides the bulk of cellular biomass in lichens, the filamentous fungus. However, multiple lines of evidence, including the low detection rate for fungal chitin, the near-absence of detection of algal polysaccharides and the spotty detection of methylated and sulfated residues, leave little doubt that the surveys to date are not exhaustive. These observations, coupled with the paucity of detailed studies on localization of most detected compounds, mean it is not currently possible to paint an accurate picture of the composition of EIMs. It follows from this that it is also not currently feasible to rule in or out, based on direct evidence, whether EIMs are materially altered by UNPOs. That being said, the phylogenetic neighborhoods of detected UNPOs suggest that it is a reasonable hypothesis that they utilize and produce carbohydrates *in situ* in lichen EIMs.

Narrowing the scope of questions regarding lichen EIMs holds promise for obtaining a clearer understanding of the biology at play. First, targeting polysaccharides by focusing on purified extracts or even narrower fractions of EIMs, as well as widening the analytical toolbox to target methylated and sulfated polysaccharides, would provide much more specific data on natural matrices without getting swamped by bulk cell wall signal. Second, ascertaining carbohydrate use and production by UNPOs in culture, such as has been done for *Granulicella* (Pankratov and Dedysh [@bib138]), can provide clues to symbiont functioning. For UNPOs that cannot be cultured, it may be possible to predict carbohydrate activity via genomes assembled from deeply sequenced metagenomes, facilitated by international databases of carbohydrate active enzymes (Cantarel *et al*. [@bib18]). A third line of research for interpreting UNPO occurrence is the development of statistical quantification protocols to determine abundance and frequency of UNPOs in different symbioses.

It is too early to say where research on the role of UNPOs in lichen symbioses will lead. Two attributes of the system make the symbiotic give-and-take difficult to pin down. First, the goods and services exchanged may be among the most structurally diverse and difficult biopolymers to study in all of organic chemistry; second, the symbionts are difficult to detect *in vivo* and even more difficult to obtain *in vitro*. As a result, we are not yet at the point where we can clearly identify functionalities that allow us to place newly detected symbionts on the spectrum from mutualism to parasitism. This research goes at the heart of the question of what is fundamentally required to build individual lichen symbioses. At present, the assumptions for what is required to synthesize a natural, whole thallus of a given symbiosis are still largely untested, but the evidence accumulated so far points to three hypothetical possibilities (Fig. [4](#fig4){ref-type="fig"}). Models for 'what it takes to make a lichen' must account for the possibility that some or all symbioses may be capable of forming a fully developed thallus based on fungus and photosymbiont alone, under the right conditions (Fig. [4A](#fig4){ref-type="fig"}); that others may require one or more additional UNPOs to form the thallus 'base plan' (Fig. [4B](#fig4){ref-type="fig"}); and that some or all may form fully developed thalli using one of these two 'base plans', but be capable of taking 'add-on' UNPO symbionts that may add an optional veneer changing the interaction of the whole symbiosis with its environment (Fig. [4C](#fig4){ref-type="fig"}). By asking new questions about the EIM and treating it as a discrete entity, we will be able to generate data to test these hypotheses and probe the mechanisms that led to the evolution and sustenance of 3D biofilms.

![Theoretical models of lichen symbioses. Note that because lichen symbioses are highly polyphyletic along the evolutionary trees of each of their symbionts, and no *a priori* constraints exist for number of symbionts, no single model is likely to fit for all symbioses. **(A)** The traditional 'two-partner' hypothesis still widely espoused in lichen research holds that a fully formed, complete lichen thallus is achieved by fungus and photosymbiont alone; **(B)** the '3+ hypothesis' proposes that a fully formed, complete lichen thallus will not be achieved without the fungus and photosymbiont as well as one or more additional UNPOs; and **(C)** the 'add-on' hypothesis proposes that either A or B could be used to achieve a 'base package', but that other UNPOs may facultatively join to form an additional, new, stable lichen symbiosis, sufficiently influencing the symbiotic outcome such that the realized niche and perhaps phenotype are altered. Photo credit Tim Wheeler.](fnaa023fig4){#fig4}
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